The polypeptide compositions and antigenic components of Rickettsia tsutsugamushi were analyzed by modifying the solubilization conditions prior to polyacrylamide gel electrophoresis and by using monoclonal antibodies in immunoblotting experiments. Several polypeptides were converted to larger or smaller mnolecules by using various conditions for rickettsial sample preparation. Solubiiization of a sample in 2-mercaptoethanolcontaining buffer resulted in conversion of high-molecular-weight polypeptides to smaller polypeptides and conversion of some of the 43-kilodalton (43K) polypeptide to a 46K polypeptide.The heat modifiability of selected polypeptides was shown by heating samples at 100°C. A major polypeptide on the rickettsial surface which showed strain-specific antigenicity appeared at the 43K position in samples solubilized at 37°C but moved to the 56K position after samples were heated at 100°C. Immunoblotting with an anti-56K polypeptide monoclonal antibody demonstrated that the reactive antigens existed predominantly as the higher-molecularweight polypeptides. These polypeptides were converted to 43K polypeptides at 37°C or the 56K polypeptides at 100°C by cleavage of disulfide linkages with 2-mercaptoethanol treatment.
group-specific antigenic 46-kilodalton (46K) and 70K polypeptides. In the course of the previous work, however, we recognized alternative changes in the contents of some polypeptides, especially between the 54K to the 56K polypeptides and the 43K polypeptides, in different purified batches of each rickettsial strain. This led us to undertake additional studies on the factor(s) affecting the polypeptide patterns on PAGE gels during preparation of the samples, and we found that the migration distances of some polypeptides on PAGE gels changed when the rickettsial samples were solubilized under different conditions, such as in buffer containing or lacking 2-mercaptoethanol (ME) and when samples were heated at 37 or 100TC.
Such polypeptides which change their migration distance on PAGE gels after samples are treated differently, especially by heating, have been described recently for several gram-negative bacteria (2, 7, 10, 15) and also for rickettsiae (1, 6) .
MATERIALS AND METHODS
Rickettsia. Rickettsia tsutsugamushi Gilliam was propagated in a suspension culture of L cells and was purified by Percoll density gradient centrifugation as described previously (14) .
PAGE. The procedures used for slab gel (10% polyacrylamide) preparation and electrophoresis have been described * Corresponding author.
previously (12) . Samples of purified rickettsiae were suspended in sample buffer (2% sodium dodecyl sulfate [SDS] , 10% glycerol, 0.001% bromophenol blue, 0.0625 M Tris hydrochloride buffer, pH 6.8) containing 5% ME (MEcontaining buffer) or lacking ME (ME-free buffer). Samples were solubilized by heating at 37°C for 60 min or at 100°C for 10 min. In experiments to examine the effect of temperature on solubilization, purified rickettsial samples were first solubilized in ME-free or ME-containing buffer at 37°C for 60 min and then heated again at different temperatures for different periods of time (see below). In some experiments, a rickettsial sample solubilized in ME-free buffer at 37°C for 60 min was electrophoresed in one dimension, and then a lane of the slab gel (width, 5 mm) was cut out, incubated in ME-free or ME-containing buffer at 37°C for 60 min or at 100°C for 10 min, placed horizontally on top of a stacking gel of another slab gel, and electrophoresed again vertically (7) .
The molecular weights of polypeptides were determined by comparing migration distances with migration distances of standard proteins (12) . The molecular weights of large polypeptides, which were observed near the top of the gel, were not determined in this study. These polypeptides were designated polypeptides A, B, C, and D.
Preparation of monoclonal antibody. A purified rickettsial suspension of strain Gilliam in NT buffer (0.14 M NaCl in 0.033 M Tris hydrochloride buffer, pH 7.4) was mixed with glutaraldehyde at a final concentration of 0.2% and incubated for 1 week at 4°C. The inactivated rickettsiae were recovered in a pellet by centrifugation at 6,000 x g for 20 min, washed with NT buffer, and sonicated for 30 s. The resulting rickettsial antigen was injected intraperitoneally into several young adult female BALB/c mice. At 1 month after the initial injection, the mice were boosted intravenously with the same antigen, and 3 days later their spleens were removed to prepare hybridoma cells with 8-azaguanine-resistant X63 mouse myeloma cells by the method of Galfre and Milstein (5) . The antibody titers in culture fluids were determined by an enzyme-linked im- Comparison of the migration patterns of rickettsial polypeptides solubilized by using different conditions on one-and two-dimensional PAGE gels. The vertical and horizontal lanes in the panels show one-dimensional electrophoresis of the rickettsial samples solubilized in ME-free buffer at 37°C for 60 min (vertical lane in panel a and horizontal lanes in panels a and c), in ME-containing buffer at 37°C (vertical lane in panel b), in ME-free buffer at 100°C for 10 min (vertical lane in panel c), and in ME-containing buffer at 100°C for 10 min (vertical lane in panel d). The numbers indicate molecular weights (103); the positions of the main bands observed in the lanes are also indicated. In addition, purified rickettsiae were first solubilized in ME-free buffer at 37°C for 60 min and electrophoresed in one dimension; then the gel lanes were cut out and incubated in ME-free buffer at 37°C for 60 min (a), in ME-containing buffer at 37°C for 60 min (b), in ME-free buffer at 100°C for 10 min (c), and in ME-containing buffer at 100°C for 10 min (d). Then the gels were placed horizontally on slab gels and electrophoresed vertically. Each panel shows the profile observed after two-dimensional electrophoresis. The asterisks indicate the 43K and 56K polypeptides derived from large molecules during the second electrophoresis. The arrows indicate the 46K polypeptide derived from the 43K polypeptide by ME treatment, and the arrowheads indicate the 25K and 28K polypeptides derived from the 21K and 25K polypeptides by heating at 100°C. munosorbent assay in plastic multiwell plates coated with glutaraldehyde-treated rickettsial antigen (4). After the hybridoma cells were cloned by using the limiting dilution method, the cells were inoculated intraperitoneally into BALB/c mice, and the ascites fluids harvested were used for experiments. The titer of the antibody against strain Gilliam as the antigen was estimated to be 160,000 by the microimmunoperoxidase test (11) .
Immunoblotting. The immunoblotting procedures used have been described previously (12) . Briefly, the rickettsial polypeptides separated by PAGE were transferred to a nitroceilulose sheet by electrophoresis in 0.025 M Tris hydrochloride buffer (pH 8.3) containing 0.192 M glycine and 20% methanol at 0.8 to 1.5 A for 2.5 h. The sheet was exposed to mouse monoclonal antibody which was diluted 500-fold and then to rabbit anti-mouse immunogloblin G antibody labeled with horseradish peroxidase which was diluted 2,000-fold (Miles Laboratories, Inc., Naperville, Ind.). The reacted bands were visualized by incubating the sheet in a solution containing 3,3'-diaminobenzidine and H202.
RESULTS
Changes in the polypeptide pattern on PAGE gels when rickettsiae were solubilized under different conditions. Purified rickettsiae were solubilized in ME-free buffer at 37°C for 60 min, in ME-containing buffer at 37°C for 60 min, in ME-free buffer at 100°C for 10 min, and in ME-containing buffer at 100°C for 10 min. The PAGE patterns of these preparations are shown in Fig. 1 (vertical lanes on the left sides of panels a through d). When a rickettsial sample was solubilized in ME-free buffer at 37°C, the main bands were located at position D and at 43K and 21K (Fig. la, (Fig. ld, vertical lane) .
To determine the relationship of these polypeptides, a rickettsial sample was solubilized in ME-free buffer at 37°C for 60 min and electrophoresed in one dimension. After electrophoresis the gel lane was cut out, treated in four different ways for solubilization of rickettsiae (see above), put horizontally on another slab gel, and electrophoresed in the vertical direction (Fig. 1) . Figure la shows the twodimensional PAGE profile of samples treated in ME-free buffer at 37'C for 60 min; all of the polypeptides were arrayed diagonally, except that a small amount of the 43K polypeptide was derived from the position D band. In the experiment shown in Fig. lb, a strip from a gel subjected to first-dimension electrophoresis as described above for the experiment shown in Fig. la was treated with ME-containing buffer at 37'C for 60 min. Second-dimesion electrophoresis of the gel revealed that the position D band and the larger polypeptides moved to the 43K position (Fig. lb, asterisk) and that some of the 43K band moved to the 46K position (Fig. lb, arrow) . In contrast, when a gel strip obtained after electrophoresis in the first dimension in the same way was heated at 100°C for 10 min in ME-free buffer, a 56K polypeptide instead of a 43K polypeptide was derived from the position D band and the high-molecular-weight polypeptides during second-dimension electrophoresis (Fig.  lc) . In this case, several spots were present above the diagonal line, polypeptides A and B were derived from polypeptide D, some of the 43K polypeptide moved to the 56K position, and 28K and 25K polypeptides (Fig. lc,  arrowheads) were derived from 25K and 21K polypeptides, respectively. In the experiment shown in Fig. ld, a gel strip from first-dimension electrophoresis prepared as described above was heated at 100'C for 10 min in ME-containing buffer and electrophoresed in the second dimension. Our results indicated that polypeptide D and the high-molecularweight polypeptides moved to the 56K position (Fig. ld,  asterisk) , the 43K polypeptide moved to the 46K (Fig. ld,  arrow) and 56K positions, and 28K and 25K bands (Fig. ld,  arrowheads) were derived from the 25K and 21K polypeptides, respectively.
To summarize of the experimental results shown in Fig. 1 , several characteristic conversions of polypeptides were observed in PAGE profiles of rickettsial preparations solubilized under the different conditions shown in Table 1 . ME treatment of the rickettsial preparations resulted in degradation of high-molecular-weight polypeptides, including polypeptide D, into a 43K polypeptide at 37°C or a 56K polypeptide at 100°C and produced a 46K polypeptide from the 43K polypeptide. The 43K polypeptide observed in the 37'C preparation moved to the 56K position when the preparation was heated at 100°C. This heating at 100°C also resulted in changes in the mobility of the 25K and 21K polypeptides (to 28K and 25K, respectively). Polypeptides A and B derived from polypeptide D were observed only in the preparation solubilized at 100'C in ME-free buffer.
To confirm the results described above, a batch of purified rickettsiae was first solubilized in ME-free or ME-containing buffer at 370C for 60 min, and the divided samples were then heated separately at different temperatures. The PAGE profiles of the samples (Fig. 2) supported the results of the alternative changes in polypeptides shown in Fig. 1 and Table 1 , such as the decreases or increases in the amounts of polypeptides A, B, and D and the 56K, 43K, 28K, 25K, and 21K polypeptides with increases in temperature, showing critical temperatures of 80 to 90 and 70 to 80°C in ME-free and ME-containing buffers, respectively. Visible amounts of the 46K polypeptide were observed in all of the lanes containing samples treated in ME-containing buffer (Fig. 2b) but not in the lanes containing samples treated in ME-free buffer (Fig. 2a) . Antigenicity of convertible polypeptides. We established several monoclonal hybridoma cell lines that produced antistrain Gilliam-specific antibody which reacted in immunoblotting tests with polypeptides originating from strain Gilliam but not with polypeptides originating from heterologous strains Karp and Kato. Immunoblotting profiles with one of these monoclonal antibodies corresponding to the gels shown in Fig. 2 are shown in Fig. 3 . In the samples prepared in ME-free buffer (Fig. 3a) , changes in antigenic polypeptides with the increase in temperature were recognized at 70 to 90°C; these changes included decreases in the amounts of the position D and 43K bands and increases in the amounts of the position C and 56K bands. The polypeptides located near the top of each lane, including the polypeptide A and B bands, also reacted with this antibody (Fig. 3a,  lanes 1 to 7) , except in the lane containing a sample heated at 100°C for 60 min (Fig. 3a, lane 8) . It is noteworthy that, although the 43K polypeptide in Fig. 2a was reduced in amount but remained visible at 80°C and above, the reactivity of this 43K polypeptide with monoclonal antibody was diminished at the high temperature (Fig. 3a) . This suggested that the 43K polypeptide found in ME-free buffer was a mixture of two antigenically different components which were converted to a 56K polypeptide by heating at a high temperature and to a 46K polypeptide by ME treatment.
On the other hand, the samples heated in ME-containing buffer produced two antigenic bands at 43K and 56K,
showing alternative conversion at 80°C (Fig. 3b) . The position D and high-molecular-weight polypeptides found in Fig.  3a were not recognized in this case, except that the position C band was observed in the sample heated at 80 to 100'C for 10 min (Fig. 3b, lanes 4 to 6) . The monoclonal antibody used reacted only with the antigen of the 56K polypeptide in the sample heated at 100°C for 30 or 60 min in ME-containing buffer, and this suggested that the other polypeptides recognized in the experiment shown in Fig. 3 were all antigenically related to the 56K polypeptide.
DISCUSSION
In this study we found that on PAGE gels the migration distances of some R. tsutsugamushi polypeptides change when different solubilization conditions are used for rickettsial samples. The 43K, 25K, and 21K polypeptides were converted to 56K, 28K, and 25K polypeptides, respectively, by heating, indicating that these polypeptides are heat modifiable. Hanson (6) observed conversion of the 45K polypeptide to a 60K polypeptide after R. tsutsugamushi was heated, which seems to correspond to the change in the 43K poly- 1 2 3 4 5 6 7 8 A---- 56- peptide to a 56K polypeptide in our study, but she did not discuss the other convertible polypeptides. Anacker et al. (1) found three heat-modifiable polypeptides in Rickettsia rickettsii, and other investigators have described similar heat modifiability in several gram-negative bacteria (2, 7, 10, 15 (10) . The conversion of the 43K polypeptide to a 46K polypeptide was observed after ME treatment, but not after heating. This could be explained by cleavage of intramolecular disulfide bonding by ME, resulting in a conformational change in the molecule and a decrease in the migration velocity on PAGE gels. On the other hand, some of the high-molecularweight polypeptides are oligomers of 43K or 56K polypeptides or complex with other polypeptides which are associated by intermolecular disulfide bonding. The existence of oligomeric polypeptides which are degraded to monomers by reducing agents has been observed in the outer membrane of Chlamydia strains (8, 9) .
Exact determinations of the molecular weights of large polypeptides is generally difficult by using PAGE; however, a comparison with the migration distance of rabbit muscle phosphorylase b (molecular weight, 97,400; Boehringer Mannheim Biochemica, Mannheim, Federal Republic of Germany) showed that the molecular weight of polypeptide D was roughly 80,000 to 90,000. This polypeptide D band was completely dissociated into polypeptides A and B and the 43K polypeptide (Fig. lc) or was transferred to 43K and 56K polypeptides (Fig. lb and d) , suggesting that the polypeptide A, B, and D bands were dimers or oligomers of the 43K or 56K polypeptide or combinations of the 43K and 56K polypeptides.
